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a b s t r a c t

Real time number concentrations and size distributions of ultrafine particles (UFPs, diameter <100 nm)
and time integrated black carbon, PM2.5 mass, and chemical species were studied at the Los Angeles
International Airport (LAX) and a background reference site. At LAX, data were collected at the blast fence
(w140 m from the takeoff position) and five downwind sites up to 600 m from the takeoff runway and
upwind of the 405 freeway. Size distributions of UFPs collected at the blast fence site showed very high
number concentrations, with the highest numbers found at a particle size of approximately 14 nm. The
highest spikes in the time series profile of UFP number concentrations were correlated with individual
aircraft takeoff. Measurements indicate a more than 100-fold difference in particle number concentra-
tions between the highest spikes during takeoffs and the lowest concentrations when no takeoff is
occurring. Total UFP counts exceeded 107 particles cm�3 during some monitored takeoffs. Time averaged
concentrations of PM2.5 mass and two carbonyl compounds, formaldehyde and acrolein, were statisti-
cally elevated at the airport site relative to a background reference site. Peaks of 15 nm particles, asso-
ciated with aircraft takeoffs, that occurred at the blast fence were matched with peaks observed 600 m
downwind, with time lags of less than 1 min. The results of this study demonstrate that commercial
aircraft at LAX emit large quantities of UFP at the lower end of currently measurable particle size ranges.
The observed highly elevated UFP concentrations downwind of LAX associated with aircraft takeoff
activities have significant exposure and possible health implications.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Airborne particulate matter (PM) has been associated with
a range of adverse health impacts including respiratory and
cardiopulmonary effects, and lung cancer (Boldo et al., 2006; Li
et al., 2003a; Pope and Dockery, 2006; Schwarze et al., 2006).
Airports are important sources of PM in urban airsheds yet regu-
lators and public health agencies have little data available that
address the characteristics of PM emitted from aircraft and the
potential impact of exposure and health in adjacent communities.
Several studies have related direct emissions of PM, black carbon
(BC), carbon monoxide (CO), nitrogen oxides (NOx), and volatile
organic compounds (VOCs) from aircraft to air quality problems
and adverse health impacts in communities near airports (Garnier
et al., 1997; Herndon et al., 2005; Yu et al., 2004). Ultrafine particles
(UFP, diameter<100 nm), derived from combustion processes were
not fully investigated in these studies. There is evidence that UFPs
: þ1 310 206 9903.
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may pose greater health risks than larger particles per unit mass as
the smaller UFPs contain high proportions of organic material
particularly semi-volatile organic compounds, have larger surface
area per unit mass and an ability to penetrate cells (Diapouli et al.,
2007; Li et al., 2003b; Oberdorster et al., 2004).

In response to the increasing concern for exposure to airport-
related pollutants, several recent studies were conducted to
understand the emissions from airports and their potential impacts
on local and regional air quality. Both physical and chemical char-
acteristics of PM and gaseous pollutants have been reported for
different commercial aircraft engine models in the recently Aircraft
Particle Emissions Experiment (APEX) (Kinsey, 2009; Kinsey et al.,
2010). Herndon and colleagues detected PM emissions from
in-use commercial aircraft at two different airports and found the
number, magnitude, and composition of the PM emissions were
associated with the different operation conditions such as “ground
idle” and “takeoff” (Herndon et al., 2005). Hasegawa and colleagues
carried out an intensive aircraft- and ground-based measurements
of 31 nme5 mm particles to investigate vertical profiles of size-
resolved PM in the urban atmosphere (Hasegawa et al., 2007).
Recently, high airborne concentrations of UFPs were reported in
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communities downwind of Los Angeles International Airport (LAX)
and Santa Monica Airport (SMA) in Southern California (Hu et al.,
2009; Westerdahl et al., 2008). Distribution of particle numbers
by size showed that maximum particle counts were in the
10e20 nm range, presumably deriving from fuel combustion. At
airports, there are numerous sources of fuel combustion including
aircraft takeoff and landing, idling, and diesel vehicles for material
transfer and these sources will likely produce UFPs.

Although previous studies provide necessary data regarding
airport-related PM emissions including UFPs, there is still a knowl-
edge gap on the emission and transport of UFPs during the opera-
tion of individual aircraft. Characteristics and quantification of direct
UFP emissions from aircraft activities and associated spatial impacts
remain limited. There is even less knowledge of the chemical
identification of the particle- and gas-phase pollutants from aircraft
emissions. This study attempted to address this important data gap
by characterizing UFP emissions and particle- and gas-phase
chemical composition associated with LAX aircraft takeoff opera-
tions. These data will provide a basis for further in-depth studies
including PM toxicology and health effect studies.

2. Methods

2.1. Description of the sampling sites

Los Angeles International Airport (LAX) is the world’s fifth
busiest passenger airport and ranks sixth in air cargo capacity. LAX
is located at the western border of the South Coast Air Basin near
the Pacific Ocean (N 33�56.550, W 118�24.480). Flights into and out
of LAX typically proceed from east to west, with 96% of the
departures to the west over the ocean and 94% of the arrivals
landing from the east. Two runways are located to the north and
two are to the south of the LAX central terminal complex. On
average, 1700 to 2200 aircraft movements occur daily at LAX.

The sampling site was located at the east end of runway 25R at
LAX (Fig. 1). Runway 25R is primarily used for aircraft taking off to
the west, directly against the prevailing wind, and represents 40%
of the total departures at LAX. Some aircraft arrive on runway 25R
but departures dominate runway activity. The runway sampling
location is ideally positioned to capture emissions from aircraft
Fig. 1. Locations of background reference sites (AQMD) and study sites at LAX. Red marked
five sampling locations 220 m, 250 m, 310 m, 410 m, and 610 m from the takeoff position. (Fo
the web version of this article.)
takeoff thrust. Planes initiate takeoff close to the sampling site and
then accelerate westward down the runway and away from the
sampling site. Three fences, called “blast fences”, are positioned
north to south across the end of runway 25R, and are designed to
buffer the blast of jet exhaust associatedwith takeoff. Samples were
also collected at five downwind locations, spaced at increasing
distances from the blast fence up to 600 m and upwind from the
405 freeway to avoid freeway traffic confounding. During moni-
toring at each location, simultaneous monitoring was conducted at
the blast fence for comparison. Fig. 1 illustrates the locations of the
major and minor blast fences. The blast fence location is approxi-
mately 140 m from the point on the runway at which departing
aircraft initiate takeoff.

An upwind sampling site in a residential area north of LAX was
chosen as a reference location (Fig. 1). The site experiences a pre-
vailing sea breeze, with no major PM sources upwind. There are
two high schools nearby, which may introduce some bus emissions
to the area. However, in generally, traffic is very light in this area.
This monitoring site is operated by the South Coast Air Quality
Management District (AQMD), who generously provided access for
the duration of the study.

2.2. Sampling and instrumentation

Field sampling was performed during three time periods. The
summer field study took place September 23e29, 2005. Sampling
was performed over 24 h intervals continuously, starting at 12:00
pm on September 23 and ending at 14:00 pm on September 29,
2005. The winter field study, took place over five days from
February 22 to March 2, 2006, was limited to the blast fence and
upwind sites. The third phase of the field work, near field down-
wind study, focusing on spatial impact of takeoff emissions was
conducted May 15e26, 2006. Only data collected under prevailing
wind (eastward from the ocean) were used in the following data
analysis to avoid potential contamination from traffic emissions on
the 405 freeway.

Table 1 shows the sampling instruments and equipment used
in this study. A ScanningMobility Particle Sizer (SMPS, TSI Classifier
model: 3080, DMA model; 3081/CPC 3025), measuring particles in
sizes from 6.15 to 225 nmwas used at the LAX blast fence. A second
sampling sites at blast fence (BF), 140 m distance from takeoff position, and additional
r interpretation of the references to colour in this figure legend, the reader is referred to
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Table 1
Instruments used in the study.

Pollutant (s) Instrument (Supplier, Model) Sampling
Interval

Sampling Location (s)

Blast
Fence

Further
Downwind

Background
Site

Particle Size Distribution SMPS (DMA 3081)/CPC (3025) (TSI) 2 min O O
UFP Total or Size-specific Conc. SMPS (DMA 3081)/CPC (3785) (TSI) 1 s O O
Black Carbon Aethalometers (Magee Scientific, AE-20) 5 or 10 min O O
PM2.5 E-BAM (Met One Instruments) 30 or 60 min O O
PAHs Tisch Sampler (Tisch Environmental Inc. 1202) w24 h O O
Butadiene/Benzene/Acrolein Canister sampler w24 h O O
Formaldehyde Cartridge sampler w24 h O O
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Scanning Mobility Particle Sizer (SMPS, TSI Classifier model: 3080,
DMA model: 3081/CPC 3785) was used to measure particle
concentrations and size distributions, ranging from 7.64 to 289 nm
at the AQMD background site. The two SMPSs were used to conduct
near continuous monitoring by performing particle counts over
short time intervals at the blast fence and further downwind sites
simultaneously to better capture the spatial impacts of takeoff
emissions. In these measurements, the DMA of the SMPS was
adjusted to monitor a specific particle size and the CPC was used to
count particle concentrations at the desired size every second,
providing a real-time monitoring approach that could capture
temporal variability in particle number concentrations. In the
September study, monitoringwas done for 7,10, 20, 30, 50,100,150,
and 200 nm on September 23 and at 8,10,15, 20, 30, 50, 75,100,150
and 200 nm particles on September 28. The monitoring time
periods for 1 s scans lasted from 11 min to 77 min. During this
period, CO2 concentrations were also measured at the LAX blast
fence by a Q-Trak IAQ monitor (Model 8550, TSI Inc., St. Paul., MN)
at 1 min intervals, to facilitate emission index analysis (Section 3.3).
In thewinter study, similar 1 s scans were conducted for particles at
10, 15, 20, 30, 50, and 100 nm, on February 28, March 1 and 2. In the
downwind study, 1 s data were simultaneously collected at 140,
220, 250, 310, 410 and 610 m downwind of the emission source.

Two Magee Scientific Aethalometers (Magee Scientific, model
AE-20) were used to measure black carbon (BC) at the LAX blast
fence and further downwind sites. The instruments were set up to
measure average BC concentrations over 5 min intervals in the
September study and over 10 min intervals in the winter study.
E-BAMs (Met One Instruments) were used to measure PM2.5 at the
LAX blast fence and the background AQMD site during the
September study. The instrument operated continuously for 168 h.
During the same sampling period, Tisch Model 1202 samplers
(Tisch, Cleves, OH) were deployed to obtain ambient samples of
polycyclic aromatic hydrocarbon (PAH) species, and SUMMA pol-
ished stainless steel canisters were used to collect ambient air for
chemical analysis for 1,3-butadiene, benzene, and acrolein at these
two sites. Semi-volatile organic compounds including PAHs are
known to be lost from filters during sampling and the undergo
oxidation by ozone (Possanzini et al., 2006). The effect of these
losses will be to underestimate airborne concentrations of organic
compounds, but the magnitude could not be ascertained. The
sampling train was the same as previously reported (Eiguren-
Fernandez et al., 2004).
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Fig. 2. Size distribution of UFP at near source (BF) and background (AQMD) sites,
aggregated for each location/sampling time.
2.3. Data analysis

To analyze the highly resolved time vs. concentration data with
respect to aircraft emissions, air traffic activity data were obtained
from Los Angeles World Airports (LAWA). These data includes the
logged departure time, arrival time, aircraft type, and airline iden-
tification number for flight activity at the runway. “Arrival” and
“departure” time is logged by the control towerwhen a plane passes
detection radar, and these logs times are not necessarily coincident
with the time at which a plane and its emissions are closest to the
sampling instruments. In order to investigate the specific impact of
aircraft takeoffs on UFPs in each size range, the peaks in the particle
concentration time profiles were matched with departure events
from the airport logs, by manual inspection of the two related time
series (concentration and aircraft activity). In addition, the data from
selected takeoff events were used to model the aircraft emission
during the complete cycle of an aircraft turning onto the runway,
idling, and accelerating down the runway away from the blast fence
sampling location, based on field notes collected during sampling.

The emission index of UFPs of a given measured sizes (EIpm),
defined as the particle number emission per unit mass of fuel
burned, was calculated by:

EIpm ¼ ðDx=DCO2Þ � EIðCO2Þ �Mair=MCO2
� ð1=rairÞ (1)

WhereDx is the incremental particle number concentration over
background (particles cm�3), DCO2 is the incremental CO2
concentration over background (ppm), EIðCO2Þ is 3160 g CO2/(kg
fuel), Mair and MCO2

is the molar mass of air (29 g mol�1) and CO2

(44 g mol�1) respectively, and rair is the density of air (1.2 g L�1)
(Herndon et al., 2005). The SMPS data and CO2 concentration
collected on September 23, 2005 at blast fence were used to
calculate EIpm during aircraft takeoff events.

3. Results and discussion

3.1. UFP size distributions at the blast fence and background sites

SMPS data were averaged to yield an overall size distribution of
particle number concentration at the blast fence site and the
upwind background site (Fig. 2). In the September study, a total of
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4639 SMPS scans were recorded at the blast fence and 5250 SMPS
scans were recorded at the AQMD site. The size distribution for the
winter campaign is based on 1100 2 min scans conducted on
February 22, 23, and 24.

Fig. 2 shows that the distribution of particle size measured at the
blast fence has the peak number concentration occurring in the
nucleation range at 14 nm (dN/dlogDp ¼ 1.4 � 106 particles cm�3) in
the summer studyand16.3nm(dN/dlogDp¼ 1.3�106particles cm�3)
during the winter study. A shoulder in the distributions between 50
and 90 nm indicates a slight secondary mode in the accumulation
range, for both summer and winter studies. The concentration of
particles smaller than the peak mode averages between 1.4 � 105

particles cm�3 to 1.4 � 106 particles cm�3 at the blast fence. Concen-
trations of particles larger than themode decrease graduallywith size,
down to about 2 � 103 particles cm�3 for 255 nm particles. Slight
differences in the size distributions between September and the
winter sampling campaignsmaybe the result of differentmeteorology
conditions.

At the AQMD background site, the size distribution is substan-
tially different. Particle number concentrations are lower
throughout the size range and the distribution of particles by size is
notably different from that at the blast fence. The defined peak in
the 14e16 nm size range that characterizes the near source location
is absent from the background reference site. At the background
site, particles are more evenly distributed across the size range,
with a weakly defined peak mode at about 80 nm.

Data shown in Fig. 2 indicate that commercial aircraft takeoff
activities at LAX emit large quantities of UFPs, especially in the
nanometer (<50 nm) size range. These results are in excellent
agreement with previous studies conducted near the LAX
(Westerdahl et al., 2005) as well as at other airports (Herndon et al.,
2005; Hu et al., 2009).

3.2. Temporal profile of UFPs at the blast fence site

To further investigate the contribution of takeoff activities to UFP
emissions, size specific particle counts over 1 s intervals were
measured by setting the DMA of the SMPS to a fixed particle size, to
capture changes in particle concentration due to isolated aircraft
takeoff events. A typical example of a takeoff cycle is shown in Fig. 3,
which depicts the time profile of the concentration of 30 nm parti-
cles at the blast fencewhile an aircraft prepared for takeoff fromLAX.
The aircraft traveled east on the 25R taxiway to the blast fence for
departure. As shown in Fig. 3, the concentrations of 30 nm particles
gradually increased from a baseline level w40 particles cm�3 to
Time (September 23, 2005, AM)
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Fig. 3. Temporal profile of 30 nm particles during a takeoff event.
w2800 particles cm�3. Upon arrival near the blast fence, the aircraft
made a 180-degree turn from the taxiway (facing east) onto the 25R
runway (facing west). The jet blast rotated in a clockwise direction
from the west to the east, resulting in a slight decrease in particle
concentration. Following the 180-degree turn, the pilot initiated
takeoff, increasing the engine thrust level. The concentration of
30nmparticles dramatically elevated from1560particles cm�3 to 17,
200 particles cm�3, a more than 10-fold increase. The aircraft
accelerated along the runway, traveling toward the west away from
the sampling location, continuously emitting particles that were
blown by jet blast and transported by prevailing wind toward the
blast fence. The particles in this case were dispersed and their
number concentrations exhibited decay characteristics that were
described by exponential decay according to the following equation:

C ¼ C0 � expð�ktÞ ¼ 17;121� expð�0:08575� tÞ (2)

with R2 ¼ 0.9927, where t ¼ 0 is the second when the takeoff was
initiated and C0 (particles cm�3) represents a characteristic
constant for emissions of 30 nm particles for a specific takeoff event
which depends upon the particle size and individual aircraft.
The model constant k indicates particle dispersion characteristics,
which depends upon meteorological factors. Although the
temporal profile in taxiing and idling prior to takeoff may vary
substantially with specific events, the overall pattern of decay
associated with takeoffs was very similar for different particle sizes
and aircrafts. We have randomly selected 112 peaks for different
particle sizes between 10 and 50 nm and fit an exponential decay
curve for each peak. The amplitudes of the decay curves (C0) varied
greatly with respect to aircraft and particle size, but the exponents
of different peaks (k) were fairly constant with a mean value
of �0.049 (SD ¼ 0.018). The R2 values were all greater than 0.94 for
the peaks we analyzed, indicating a rapid exponential decay is
a good fit for particle number concentrations during takeoffs.

For each of the particle sizes monitored at the blast fence, the
temporal profile of measured concentration was highly variable.
These peaks were associated with aircraft takeoffs, confirmed by
inspection of LAX aircraft activity logs. Fig. 4 presents temporal
profiles of 15 nm particles as measured simultaneously at the blast
fence and 170 m downwind from the blast fence, which was 310 m
from the source (the point on runway 25R at which takeoff is
typically initiated). In Fig. 4, time series of 15 nm particle number
concentrations were plotted and compared with the log file of
aircraft activities. Each identified peak was plotted individually on
a broader time scale as in Fig. 3. The peak which occurred closest to
an aircraft takeoff event was assigned to this aircraft activity. In
general, there were dramatic increase and decrease in the observed
peaks when an aircraft took off, for example # 1 in Fig. 4. Occa-
sionally, more than one peak occurred immediately next to each
other, for example # 6 in Fig. 4. Since there was no aircraft activity
within such a short time frame, these sub-peaks were attributed to
a single aircraft takeoff event. The start point of a peak was defined
as the lowest value when the sharp increase began and the end
point was the lowest value after the sharp decrease ended. The
time between these two points was defined as the interval of
a peak.

Data shown in Fig. 4(a) and (b) were collected simultaneously
during a period of approximately 30 min. The time profiles are very
similar. The spikes of particles are those associated with takeoff
events, noted in the figure by numerals. Table 2 lists the aircraft
activity noted by LAX during this period, for comparison with the
figure. Takeoff spikes of UFP were clearly detected at the downwind
site, with a time lag of approximately 20 s. Note that during the
time period when there were no takeoffs, there were no spikes at
either the blast fence or downwind location.
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Fig. 4 shows the variation in particle concentrations emitted
from various aircraft taking off during the monitored time period.
In the absence of a takeoff event, 15 nm particle concentrations
ranged from 60 to 150 particles cm�3, the baseline of the time
profile in Fig. 4. During takeoff, aircraft generated large numbers of
particles, ranging up to 28,000 particles cm�3, a 100-fold increase
from background levels.

Particle concentration data of other studied sizes showed
a similar temporal pattern of peaks associated with aircraft activity
to that in Fig. 4. In addition, the peak-tracking pattern observed
between the blast fence site and the 170 m downwind site holds to
600 m downwind which is the furthest sampling site used in the
study. Downwind peaks were usually observed within seconds
after aircraft takeoffs indicating that aircraft exhaust plumes can
travel considerable distances. Because the exhaust plume from
aircraft takeoff was emitted forcefully in the direction of the pre-
vailing wind, it took less time for the plume to reach the air
Table 2
Aircraft departures on runway 25R associated with data profiled in Fig. 4.

Label 1 2 3 4 5

Time 15:15 15:17 15:19 15:22 15:23
Aircraft Type B744 B752 F2TH A320 B744
MTOW (�103 kg)a 397 113 16 78 397

a MTOW: Maximum takeoff weight.
samplers, and the air dilution is therefore minimal. This is in
contrast to the crosswind passive dispersion of vehicular exhaust
from freeway traffic in which UFPs were decayed within a few
hundred meters downwind of the freeway (Zhu et al., 2002a, b).
3.3. Ultrafine particle emissions during takeoff activities

The number concentrations of 15 nm particle from February 23 to
March 2, 2006 were used to analyze the contribution of aircraft
weight to UFP emissions at the LAX runway.Maximum takeoff weight
(MTOW) derived from aircraft performance database (Aircraft
performance database V2.0, 2011) was used as the aircraft weight. It
should be noted, that it was likely not all aircrafts were at MTOW or
used full thrust during the phase of activity on the runway. Given the
limited information regarding aircraft performance and hence engine
power settings, we choose to arbitrarily classify the aircrafts
studied during this study into four weight categories: less than
50,000 kg, 50,000e100,000 kg, 100,000e200,000 kg, and greater
than 200,000 kg. In addition, fuel compositionmay also affect particle
emission characteristics. Because aircrafts at LAX all use local fuel, we
assumed that the fuel being burned by each aircraft was the same.
From time series plots every peak associated with aircraft takeoff
events at 25R runway was identified. The selected concentration
peaks have typical shapes, as shown in Fig. 3, which increase rapidly
and decay to background level with a short tail of 30e90 s. The peaks
with longer tails may be generated by other airport activities and not
included in the analysis. The mean peak height of 15 nm particle in
relation to different aircraft weight was shown in Fig. 5. Numbers of
observed peaks (n) were also indicated in Fig. 5.

The mean peak height of 15 nm particle increased slightly
with aircraft weight. Light aircrafts with MTOW less than
50,000 kg emitted the lowest amount of 15 nm particles, of which
the mean peak height was 11,900 particles cm�3. The aircrafts
with MTOW of 50,000e100,000 kg and 100,000e200,000 kg
6 7 8 9 10 11

15:26 15:31 15:50 15:52 15:54 15:55
B737 MD83 SF34 B744 B738 B763
52 64 13 397 79 187
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emitted 1800 particles cm�3 and 4800 particles cm�3 more,
respectively. Heaviest aircrafts emitted the largest amount, with
an average peak concentration of 26,500 particles cm�3. Similar
UFP emission trend with respect to aircraft weight has been
reported for Santa Monica Airport (SMA) in which greater fuel
consumption rates were associated with heavy aircrafts during
takeoff (Hu et al., 2009). It should also be noted, there were only
135 peaks analyzed in Fig. 5 which may cause some uncertainty
in the results. A further study and analysis with more data is
necessary to make an improved conclusion on the effect of
aircraft weight on UFP emissions.

By integrating the total number concentration of UFP peaks in
relation to takeoff events, the relative contributions of aircraft
activities were analyzed. From February 28, 2006 to March 3, 2006,
aircraft takeoffs contributed 53.5% to the total UFP concentration at
the blast fence of 25R runway, other airport operations contributed
45.8% and the background ambient accounted for 0.7%. Other
airport operations include landing, taxi, idle and ground vehicles
operation, while the data of background level were from the
measurements at the upwind AQMD background site. During
takeoff, high engine thrust and large fuel consumption are required
to produce enough power for aircraft lift-up which generate greater
amount of UFPs than the other activities.

The SMPS data and CO2 concentrations concurrently collected
on September 23, 2005 at the blast fence were used to calculate
emission index, EIpm, of takeoff activities. Fig. 6 shows typical time
series of particle and CO2 levels at the blast fence. It is clear, for each
takeoff, both CO2 and particle concentrations increased sharply and
then decayed quickly. For a given size (30 nm particles in Fig. 6),
every particle and CO2 concentration peakwith typical curve (sharp
increase and fast decay, Fig. 3.) associated with individual aircraft
takeoff event was identified from the time series measurements.
The average particle number and CO2 concentration was obtained
by dividing the sum of particle and CO2 concentration reading by
the time interval of the peak. After subtracting the background
levels, the average concentrations were assigned as the particle and
CO2 index to this peak. Eq. (1) was then used to calculate EIpm for
each takeoff for the studied particle size, 30 nm particles in this
case. The mean value and the standard deviation from multiple
takeoff events were obtained. This process was then repeated for
each studied particle size and the results were shown in Fig. 7.

Fig. 7 presents a clear match between EIpm and the size distri-
bution at the blast fence. The size distribution has the major peak
number concentration occurring at 15 nm. For particles smaller
than 20 nm, EIpm increases with diameters, and then decreases
Time on September 23, 2005 
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Fig. 6. Typical temporal profiles of CO2 and 30 nm particle concentrations at the LAX
blast fence on Sep 23, 2005.
when the size grows. Therefore EIpm could be used as a predictor of
particles emitted by aircraft takeoff events, combined with fuel
consumption. EIpm for specific diameters were integrated to get
EIpm of the total number concentration in the size range of
7 nme320 nmwhich is approximately 3.4�1016 particles/(kg fuel).
This value is larger than the average EIs measured a JFK airport
(1.0 � 1014 particles/(kg fuel)) (Herndon et al., 2005). At JFK, the
average EIs were calculated based on particle size distribution data
collected with an Electrical Low Pressure Impactor in the size range
of 30e10,000 nm. Since a large proportion of UFPs from aircraft
takeoff emissions were found smaller than 30 nm in this study, it is
not surprising to obtain a much higher EI at LAX than JFK. The EIs
observed in this study are also comparable with data reported at
Logan airport (8.8 � 1015 particles/(kg fuel)) (Herndon et al., 2005)
and SMA in Southern California (5.0 � 1016 particles/(kg fuel)) (Hu
et al., 2009) where similar instruments were used that detect
particles smaller than 30 nm.
3.4. Spatial decay profiles of 15 nm particles and black carbon

Fig. 8 presents the distributions of number concentrations of
15 nm particles and BC concentrations measured at increasing
distances downwind of the departure runway, 25R. The box plots
summarize all data (Fig. 8a and c) and the top quartile of data
(Fig. 8b and d) collected during prevailing wind conditions at the
blast fence and downwind locations 1 through 5 (see Fig. 1 for
locations). Plotting the top quartile of concentrations is a surrogate
for manually inspecting the time series profiles of the data and
selecting those concentration peaks that are associated with
aircraft departures. The observed UFP and BC concentrations are
highly variable due to the emission variability from individual
aircraft. Average number concentrations of 15 nm particles and
mass concentrations of BC decrease remarkably with increasing
distance from the runway mainly because of the atmospheric
dispersion process. Nevertheless, concentrations of BC and 15 nm
particles observed at 600 m downwind from the runway remain
elevated compared to the AQMD background site. The observed
decay was greater and stronger for upper quartile data as indicated
by fitted slope and R2 values. Previously we have shown UFP and BC
concentrations return to background by about 300 m downwind of
major Southern California freeways during daytime (Zhu et al.,
2002a, b). Data collected from the current study suggest airport
emissions have a much broader spatial impact on local air quality
comparing to urban freeways. Similar to our observation, elevated
UFP concentrations, 2.5e3 times the background, were reported
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Table 3
PM2.5 mass, particle- and vapor-phase PAH, and VOC concentrations at AQMD
background site and the LAX blast fence.

Phase Species AQMD LAX_BF

Mean SD Mean SD

Unit: mg m�3

Particle PM2.5 14.3 10.4 37.1 15.4

Unit: pg m�3 PAHs
Particle Naphthalene e e 14.1 e

Fluorene 13.7 e e e

Phenanthrene 111.1 88.1 175.6 54.6
Anthracene 4.7 3.4 10.5 7.4
Fluoranthene 91.0 117.3 161.7 48.8
Pyrene 106.1 113.4 134.7 63.1
Benz[a]anthracene 23.0 19.7 36.4 34.7
Chrysene 48.4 46.1 78.2 55.7
Benzo[b]fluoranthene 55.6 38.3 56.0 42.8
Benzo[k]fluoranthene 22.9 17.9 18.7 15.5
Benzo[a]pyrene 46.7 43.0 28.1 33.2
Dibenz[a,h]anthracene 7.5 6.1 2.7 0.6
Benzo[ghi]perylene 121.2 101.0 49.0 57.1
Indeno[1,2,3-cd]pyrene 48.5 36.0 18.3 15.7

Unit: ng m�3

Vapor Naphthalene 55.8 55.9 82.5 64.5
Acenaphthene 1.4 1.9 2.8 1.7
Fluorene 2.1 2.4 4.7 1.9
Phenanthrene 2.0 1.7 4.8 1.8
Anthracene 0.1 0.1 0.4 0.2
Fluoranthene 0.4 0.1 0.8 0.2
Pyrene 0.5 0.2 1.1 0.5
Benz[a]anthracene 0.2 0.1 0.2 0.1

Unit: ppb VOCs
Vapor Acrolein 1.03 0.35 1.26 0.08

Benzene 0.42 0.29 0.52 0.57
1,3-Butadiene 0.15 0.08 0.36 0.23
Formaldehyde 0.53 0.22 1.70 0.66
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near a general aviation airport in Southern California (Hu et al.,
2009). These observations confirm the broader spatial impacts of
high numbers of UFPs emitted from aircraft during takeoff.

3.5. PM2.5, polycyclic aromatic hydrocarbons, and volatile
organic compounds

Time averaged mass concentrations of PM2.5, particle- and vapor-
phase PAHs, and four VOCs are shown in Table 3. The mean concen-
tration at the LAX blast fence during the September study was
37.1 � 15.4 mg m�3, significantly greater (p < 0.001) than concentra-
tionsmeasuredat thebackgroundsite (14.3�10.4mgm�3).Dailymean
PM2.5 concentrations of the LAX site varied between 32 and 42 mgm�3

andwere consistently significantly greater than the dailymeans PM2.5
concentrations at the AQMD site (9e18 mg m�3)(P < 0.001 for daily
comparisons).

Naphthalene comprised 80e85% of the total vapor-phase PAH
mass at both sites. Higher naphthalene levels were found at the LAX
blast fence than at the AQMD site. Overall, the levels of vapor-phase
PAH were consistently higher at the LAX blast fence than at back-
ground site. Particle-phase PAH also differed between the two sites.
The semi-volatile PAHs (from phenanthrene to chrysene) were
consistently higher at the LAX blast fence than the background site.
On the other hand, the high molecular weight PAHs (from benzo[a]
pyrene to indeno[1,2,3-cd]pyrene) were lower at the blast fence
than the background site. The differences in concentrations of
individual particle- and vapor-phase PAHs between the two sites
are not statistically significant, but there is a clear trend in the
differences of PAHs at blast site compared to control for the lower
molecular weight PAHs. It is also noted, a greater amount of PAHs
were in the vapor phase than in the particle phase. This is especially
true for naphthalenewhich indicates its potential for greater health
effects.
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The mean concentration of formaldehyde at the blast fence was
significantly (3-fold) higher than that at the AQMD background site
(p ¼ 0.006). This is likely because formaldehyde constitutes a large
fraction of total aircraft gaseous emissions (Kinsey, 2009). Acrolein
was also higher at LAX blast fence than at the background site
(p ¼ 0.034). There were no statistically significant differences in
concentrations of benzene or butadiene between the two moni-
toring sites, but there were increased average concentrations for
these organic compounds over the control site and most of the
other VOCs were below the limit of detection (LOD) even at the
blast fence site. Furthermore, for those VOCs above detection limit,
no significant differences were seen between the two sites other
than those presented in Table 3.

4. Conclusions

Data collected immediately downwind of aircraft takeoff at LAX
showed very high number concentrations of UFP, with the highest
numbers found at a particle size of approximately 14 nm. The
highest spikes in the time profile of UFP number concentrations
were clearly correlated with aircraft takeoff events. Total UFP counts
exceeded 107 cm�3 during some monitored takeoffs. Time averaged
concentrations of PM2.5 mass and two carbonyl compounds, form-
aldehyde and acrolein, were elevated at LAX relative to a back-
ground reference site. The results of the project demonstrate that in-
use commercial aircraft at LAX emit large quantities of UFPs at the
lower end of currently measurable particle size ranges. Spikes of
15 nm particles can be detected and associated temporally with
aircraft activity up to 600 m east of the airport.
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